Narrow-line Seyfert 1 galaxies: an amasing class of AGN by Tarchi, A. et al.
ar
X
iv
:1
10
7.
51
55
v1
  [
as
tro
-p
h.C
O]
  2
6 J
ul 
20
11
Astronomy & Astrophysics manuscript no. 17213pap c© ESO 2018
September 25, 2018
Narrow-line Seyfert 1 galaxies: an amasing class of AGN ⋆
A. Tarchi1, P. Castangia1, A. Columbano1,2, F. Panessa3, and J. A. Braatz4
1 INAF-Osservatorio Astronomico di Cagliari, Loc. Poggio dei Pini, Strada 54, I-09012 Capoterra (CA), Italy
e-mail: atarchi@oa-cagliari.inaf.it
2 Dipartimento di Fisica, Universita´ degli studi di Cagliari, Cittadella Universitaria, 09042 Monserrato (CA), Italy
3 IASF/INAF, via del Fosso del Cavaliere 100, 00133 Roma, Italy
4 National Radio Astronomy Observatory, 520 Edgemont Road, Charlottesville, VA 22903, USA
Received ; accepted
ABSTRACT
Context. Narrow-line Seyfert 1 (NLS1) galaxies are a class of active galactic nuclei ( AGN) that have all the properties of type
1 Seyfert galaxies but show peculiar characteristics, including the narrowest Balmer lines, strongest Fe II emission, and extreme
properties in the X-rays. Line and continuum radio observations provide an optimal tool to access the (often) optically obscured
innermost regions of AGN and reveal the kinematics of the gas around their central engines.
Aims. We investigate the interplay between the peculiar NLS1 class of AGN and the maser phenomenon, to help us understand the
nature of the maser emission in some NLS1s where water maser emission has been detected.
Methods. We observed a sample of NLS1 galaxies with the Green Bank Telescope in a search for water maser emission at 22 GHz. We
also reduced and analysed archival Green Bank Telescope and Very Large Array data and produced 22-GHz spectra for the five NLS1
galaxies with detected maser emission. In particular, we imaged the maser and nuclear radio continuum of NGC 5506 at subarcsec
scales with the Very Large Array.
Results. We discovered maser emission in two NLS1 galaxies: IGR J16385-2057, and IRAS 03450+0055. In addition to the three
previously known maser detections in the NLS1s Mrk 766, NGC 4051, and NGC 5506, this yields a water maser detection rate in
NLS1 galaxies of ∼ 7% (5/71). This value rises significantly to ∼ 21% (5/24) when considering only NLS1 galaxies at recessional
velocities less than 10000 km s−1. For NGC 4051 and NGC 5506, we find that the water maser emission is located within 5 and 12
pc, respectively, of nuclear radio continuum knots, which are interpreted as core-jet structures.
Conclusions. The water maser detection rate in NLS1s is surprisingly high, much higher than the detection rate obtained for type
1 AGN and similar to those in Seyfert 2 and low-ionization nuclear emission-line region galaxies. The masers in NGC 4051 and
NGC 5506 are nuclear and associated with the AGN, either with an accretion disk, a radio jet, or a nuclear outflow. The apparent
lack of high-velocity maser features and evidence, recently reported, of radiative outflows and radio jets in the host galaxies seems to
favour interpretation as a jet or an outflow. A similar association is also seemingly true for the maser in Mrk 766, IGR J16385-2057,
and IRAS 03450+0055, although, in these cases, without radio interferometric measurements we cannot rule out an off-nuclear origin
of the emission.
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1. Introduction
According to the widely accepted unified model of active galac-
tic nuclei (AGN; e.g., Antonucci 1993, Urry & Padovani 1995),
in their very centres there is a supermassive black hole sur-
rounded by a parsec-scale accretion disk. The disk emits in-
tensely in the ultraviolet (UV) and soft X-ray wavelengths. A
torus (or a thick disk) of atomic and molecular gas, with a size of
1-100 pc, surrounds the accretion disk and obscures the optical
and UV emission along certain directions. Therefore, depending
on the line of sight, the object appears as either a type 1 or type
2 AGN. In type 1 AGN, the accretion disk and black hole are
viewed through the hole in the torus, while in type 2 AGN they
are obscured by the torus.
Narrow-line Seyfert 1 (NLS1) galaxies have attracted partic-
ular attention. While Seyfert 2’s are active galaxies with narrow
Send offprint requests to: A. Tarchi
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emission-line optical spectra, NLS1s have the broad emission-
line optical spectra of type 1 Seyfert galaxies, but with the nar-
rowest Balmer lines from the broad line region and the strongest
Fe II emission (e.g., Osterbrock 1989, Ve´ron-Cetty et al. 2001).
Extreme properties are also observed in X-rays, such as a strong
soft excess emission below 1 keV and rapid flux variability,
accompanied by steeper photon indices with respect to (w.r.t.)
Seyfert 1 (Sy 1) galaxies (e.g., Leighly et al. 1999, Gallo et al.
2004). The complex X-ray spectra often display signs of cold
and ionized absorption, a partial covering of material along the
line of sight, and/or (relativistic) reflection components from the
inner side of the accretion disk (see Komossa 2008 for a review).
Because of its extreme and ambiguous characteristics, this class
of AGN seems to challenge the Unified Model, hence deserves
a more detailed investigation.
Fundamental studies of the central regions of AGN are com-
plicated by the extremely small scales and complex structures
of the nuclear components. Furthermore, in type 2 AGN in par-
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ticular, the inner regions are often obscured at optical and UV
wavelengths. Observations at infrared (IR, the band where most
of the nuclear radiation absorbed by the torus is re-emitted), X-
ray, and radio frequencies can, however, access these obscured
regions. In particular, at radio wavelengths, water maser studies
are a unique tool for investigating the structure and kinematics
of the gas close to the black holes.
Most extragalactic H2O masers are associated with AGN,
where they have been related to three distinct phenomena. The
first is that they may form directly in the nuclear accretion disk,
where they can be used to trace the disk geometry and rota-
tion velocities, and may reveal the enclosed nuclear mass (e.
g. Kuo et al. 2011). In some cases, they are also being used to
measure accurate distances to their host galaxies (for the most
recent case of UGC 3789, see Braatz et al. 2010). Secondly,
they are associated with radio jets, where they are either the re-
sult of an interaction between the jet(s) and a molecular cloud
or a coincidental overlap along the line of sight between a
warm, dense molecular cloud and the radio continuum of the
jet (NGC 1052: e. g. Sawada-Satoh et al. 2008; NGC 1068: e.
g. Gallimore et al. 2001; Mrk 348: e. g. Peck et al. 2003), hence
provide important information about the evolution of jets and
their hotspots. Thirdly, they are associated with nuclear outflows,
tracing the velocity and geometry of nuclear winds, as in the case
of Circinus (Greenhill et al. 2003).
So far, more than 3000 galaxies have been searched for wa-
ter maser emission and detections have been obtained in about
150 of them (Braatz et al., in prep), the majority being Seyfert
2 (Sy 2) galaxies. In this paper, we report the results of a new
Green Bank Telescope (GBT) survey to search for water maser
emission in objects belonging to the NLS1 class of galaxies and,
by analysing the main characteristics and line features of the 5
NLS1 galaxies where water maser emission has been detected in
the present and past surveys, we discuss the relation between the
maser phenomenon and NLS1 galaxies in the framework of the
unified scheme of AGN.
2. Observations and data reduction
Between Feb. 5 and Feb. 12, 2011, we used the GBT1 to ob-
serve a sample of 52 NLS1 galaxies taken from the list of
Ve´ron-Cetty et al. 2001 in a search for 22 GHz water maser
emission. We used the dual beam 18–22 GHz receiver in a to-
tal power nod mode, keeping one of the two beams on source
during integration. The spectrometer was configured with two
200 MHz IFs. The first spectral window was centred on the sys-
temic recession velocity of the target galaxy and the second was
offset by 180 MHz to the red, giving a total coverage of 380
MHz (5100 km s−1). In our analysis we also incorporate archival
GBT observations of masers in the NLS1 galaxies Mrk 766
(NGC 4253), NGC 4051, NGC 5506, and IGR J16385-2057
(hereafter IGR J16385). These observations were made with the
same setup that we used for our survey.
We retrieved archival Very Large Array (VLA)1 observations
of the water maser line for both NGC 4051 and NGC 5506. For
NGC 4051, A-array configuration data were available (project
#AH812, observed in July 2007), while for NGC 5506 the ob-
servations were performed in both DnC and A configurations
(project #AB741, observed in Feb. 1995, and project #AB859,
observed in Apr. 1998, respectively). We also incorporate broad-
1 The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agreement by
Associated Universities, Inc.
band VLA A-array 22-GHz continuum data of NGC 5506
(project #AC524, observed in Jun. 2003). In addition, again from
the NRAO archive, we retrieved A-array X-band continuum data
for Mrk 766 (project #AM384, observed in Jan. 1993).
The GBT and VLA data were reduced and analysed using
the Green Bank Telescope Interactive Data Language (GBTIDL;
for a detailed description on the procedures adopted, see
Braatz et al. 2010) and Astronomical Image Processing System
(AIPS) packages, respectively. We generated images of the VLA
water maser spectra of NGC 4051 and NGC 5506 using the
Continuum and Line Analysis Single-dish Software (CLASS),
a package implemented in the Grenoble Image and Line Data
Analysis Software (GILDAS).
3. Results
In Table 1, we report the results of our GBT search
for water masers in the 52 NLS1 galaxies taken from
Ve´ron-Cetty et al. (2001). From this sample, we detected one
galaxy, IRAS 03450+0055 (hereafter IRAS 03450; Fig. 1). We
also present GBT maser spectra in four other NLS1 galaxies
(Fig. 1). For NGC 4051 and NGC 5506, the masers were initially
reported by Hagiwara et al. (2003) and Braatz et al. (1994),
respectively. The maser in Mrk 766 was discovered by the
Megamaser Cosmology project2 and the maser in IGR J16385
was discovered as part of our companion survey.
The single-dish spectra of all five detections display little
or no evidence of high-velocity lines (Fig. 1). The spectra of
NGC 4051 and NGC 5506 show multiple components, clustered
near the systemic velocity. Multiple maser components may also
be present in IGR J16385 just above the detection limit. The
spectra of Mrk 766 and IRAS 03450 contain instead a single,
relatively broad feature blue-shifted w.r.t. the systemic velocity.
The main parameters of the maser lines, together with some
relevant characteristics of the five host galaxies, are summarized
in Table 2.
Figure 2 (upper panel) displays the H2O maser spectrum of
NGC 4051 observed with the VLA A-array. The spectrum is
consistent with that of Hagiwara (2007) and consists of several
features spanning a velocity range of ∼ 120 km s−1. The emis-
sion arises from an unresolved spot with coordinates RAJ2000
= 12h03m09.s61, Dec.J2000 = +44d31’52.′′7. The absolute posi-
tion uncertainty is 0.1”, dominated by the position accuracy of
the phase calibrator (e.g. see Tarchi et al. 2011 and references
therein).
Figure 2 (lower panel) shows the spectra of the water maser
emission in NGC 5506 observed with the VLA DnC (solid line)
and A (dashed line) arrays. With the DnC observations, we de-
tected H2O maser emission from a number of features with ve-
locities and flux densities consistent with those of the single dish.
All of the emission arises from the position RAJ2000 = 14h 13m
14.s86, DecJ2000 = –03◦ 12′ 27.′′9, with a positional uncertainty
of 0.′′3. Owing to the relatively coarse resolution, the uncertainty
in this case is dominated by the statistical errors that can be es-
timated by the synthesized beam size divided by the signal-to-
noise ratio (for details, see Hagiwara et al. 2001). The location
of the water maser emission derived from the A-array measure-
ments is consistent with that of the DnC array (RAJ2000 = 14h
13m 14.s87, DecJ2000 = –03◦ 12′ 27.′′8. In this case, the obser-
vation was made with the VLA A-array and the position ac-
curacy is 0.′′1, determined by the uncertainty in the position of
the phase calibrator. Unfortunately, the velocity coverage of the
2 https://safe.nrao.edu/wiki/bin/view/Main/MegamaserCosmologyProject
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NGC 4051
Mrk 766
NGC 5506
IGR J16385-2057
IRAS 03450+0055
(a)
(c)
(b)
Fig. 1. GBT spectra of the five NLS1 galaxies where H2O maser
emission has been detected so far. The vertical line segment indi-
cates the recessional velocity of the galaxy. The red dotted lines
in the spectra of NGC 4051 and NGC 5506 indicate the velocity
ranges covered by the VLA spectra. The (a), (b), and (c) labels
for NGC 4051 indicate the three groups of features discussed in
Sect. 4.2.
A-array measurement was too narrow to cover all of the maser
lines. In addition, no line-free channels were present in the spec-
trum, making it impossible for us to properly subtract the con-
tinuum and differentiate the contribution of the continuum emis-
sion from that of the line. However, from the similarities with
the same portion of spectrum in the DnC data (in particular the
feature at V ≈ 1820 km s−1; Fig. 2), we are confident that the de-
tected emission throughout the band is dominated by the water
maser in NGC 5506 and its location is therefore reliable.
4. Discussion
4.1. The water maser detection rate in NLS1 galaxies
Identifying water maser emission associated with Sy 2 galaxies
is not particularly surprising, given that the unified scheme for
AGN requires an obscuring structure, which is probably an edge-
on disk or torus, along the line of sight towards the nucleus of
(c)
NGC4051
NGC5506
(a)
(b)
Fig. 2. Upper panel: the water maser spectrum of NGC 4051
produced by the combination the two separate IFs used in the
VLA A-array observation. The letters indicate the main fea-
tures constituting the line complex. The (a), (b), and (c) labels
in the spectrum indicate the three groups of features discussed
in Sect. 4.2. Lower panel: VLA spectra of the maser emission in
NGC 5506, taken with the VLA DnC (solid line) and A (dashed
line) arrays, respectively. Given the narrow band used in the
VLA A-array measurements, no line-free channels were present.
Hence, the spectrum shown is most likely the portion of maser
emission in that velocity range plus a small amount of contin-
uum emission. The zero-flux density line has been added to help
visualize this aspect.
a type 2 AGN. This structure can provide a molecular reservoir
and the amplification paths necessary for maser action. The re-
lation between a type 1 Seyfert and the maser phenomenon is
less obvious. According to the same paradigm, in type 1 objects,
accretion disks and/or tori, if present at all, should be orientated
face-on, making them less likely to produce detectable maser
emission. Accordingly, out of the 150 water maser sources de-
tected so far, maser emission has been detected in only very few
type 1 Seyfert galaxies. Interestingly, two galaxies among these
are classified as NLS1s: NGC 4051 and NGC 5506. In view of
the above considerations, the association between water maser
emission and the NLS1 classification is clearly intriguing. We
searched for water maser emission with the GBT in a sample
of 17 Seyfert galaxies (classified by Masetti et al. 2008) discov-
ered by INTErnational Gamma-Ray Astrophysics Laboratory
(INTEGRAL) as sources of hard X-rays between 20 and 40 keV
(Bird et al. 2010). We detected water maser emission in one ob-
ject (Fig. 1), IGR J16385. Interestingly, this was the only NLS1
in the sample (Masetti et al. 2008). Further details on a statistical
study of this campaign will be presented elsewhere (Castangia et
al. in prep).
Galaxy classifications are taken from Ve´ron-Cetty & Ve´ron
(2010), with the exception of NGC 5506, which was
(re)classified by Nagar et al. (2002) using near-IR spectroscopy.
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Nagar et al. detected the permitted OI λ1.1287 µm line (with full
width at half maximum < 2000 km s−1) and the “1 micron Fe II”
lines to identify the galaxy as a NLS1. Their finding raises the
important issue that other galaxies may be misclassified, depend-
ing on the quality and type of spectral information available. In
principle, according to Nagar et al. (2002), other X-ray bright
and highly variable “type 2” Seyferts, such as NGC 5506, may
actually be partially obscured NLS1s. This is just a cautionary
note that needs to be kept in mind when dealing with studies
similar to the one proposed here.
Including all past surveys (Braatz et al. in prep) and our
new detections in IGR J16385 and IRAS 03450, a total of 71
NLS1 have been searched for water maser lines with five suc-
cessful detections (Table 1). This yields a detection rate of ∼
7%, which is comparable to the global rates of AGN surveys (e.
g. Braatz et al. 1997). While this result is surprising, the maser
detection rate in NLS1s becomes even more impressive when
we consider a volume-limited sample that somewhat minimizes
the limitation in sensitivity of the survey(s). When considering
only NLS1 galaxies at recessional velocities less than 10000 km
s−1, the detection rate goes up dramatically to ∼ 21 % (5/24).
This value approaches the highest detection rates ever obtained
for similarly volume-limited samples, in any class of AGN. For
example, the most prolific class of AGN, the Sy 2 galaxies, have
detection rates of up to ∼ 20%, while in ‘pure’ Sy 1 galaxies
the percentage of water maser detections never exceeds 1% (e.
g. Braatz et al. 2004;Bennert et al. (2009); Zhang et al. (2010);
Ramolla et al. 2011).
4.2. The origin of water maser emission in NLS1 galaxies
Water masers associated with an AGN accretion disk exhibit
a typical spectrum with three distinct groups of features. One
“cluster” of lines is found at the recessional velocity of the
galaxy, while the other two are blueshifted and redshifted by
hundreds of km s−1(e.g., for NGC 4258: Miyoshi et al. 1995; for
UGC 3789: Braatz et al. 2010). Water masers associated with ra-
dio jets (like in M 51, NGC 1068, Mrk 348, and NGC 1052) in-
stead show single, broad (with linewidths of ∼ 100 km/s) maser
lines offset from the systemic velocity of the host galaxies (e.g.,
see Lo 2005 and references therein). In the Circinus galaxy, the
only object where some of the maser emission has been confi-
dently associated with a nuclear outflow, the maser features as-
sociated with the outflow have relatively narrower widths (a few
km s−1), while line velocities are again found to be both red- and
blue-shifted w.r.t the systemic velocity (Greenhill et al. 2003).
The characteristics of the maser lines found in NLS1 galax-
ies (Sect. 3) and, in particular, the lack of clear evidence for
high-velocity lines (Fig. 1) suggests that masers in NLS1s dif-
fer from the disk masers in classic Sy 2, perhaps being associ-
ated with jets and/or nuclear outflows. However, it has to be kept
in mind that the maser lines associated with jets, especially in
Mrk 348 and NGC 1052, are typically (much) broader than those
in NLS1s (100 vs. 10 km s−1). In addition, the displacements of
the line velocities from the systemic velocity in jet-maser galax-
ies are larger than those in NLS1s (120-150 vs 40-80 km s−1)
and all towards the red, with the only exception of NGC 1068
(Gallimore et al. 2001). Detailed studies of each case are thus
necessary to unveil the origin of the maser emission in the five
NLS1 targets of this work.
There are presently only two maser NLS1 galaxies with
available interferometric measurements of both the radio contin-
uum (with Very Long Baseline Interferometry; VLBI) and the
maser emission (with the VLA): NGC 4051 and NGC 5506. For
both galaxies, the nuclear radio continuum emission is resolved
into compact knots that can be interpreted as core-jet structures
(Giroletti & Panessa 2009, for NGC 4051; Middelberg et al.
2004, for NGC 5506).
In the following, we consider, in detail for these two galax-
ies, the association of the maser emission with either accretion
disks, jets, or outflows and we investigate the main character-
istics of the five maser spectra found in NLS1s and their host
galaxies to more tightly constrain the nature of the maser emis-
sion. The investigation of these five cases constitute a first at-
tempt to understand the possible relation between NLS1 objects
and the maser phenomenon.
4.2.1. NGC 4051
The nuclear radio source detected at both 1.6 and 5 GHz with the
European VLBI Network (EVN) by Giroletti & Panessa (2009)
is most easily described in terms of a jet-base/outflow phe-
nomenon. The detection by Giroletti & Panessa of three aligned
sub-millijansky components in NGC 4051 suggests an ejection
process. In particular, the position of the EVN radio core is coin-
cident with that derived for the H2O maser by Hagiwara (2007)
and ourselves, within 0.′′1 (Sect. 3), corresponding to 5 pc at
the distance of NGC 4051 (Fig. 3). This suggests that the water
maser emission arises from a molecular disk or from a nuclear
jet/wind associated with the brightest radio continuum knot. This
latter option seems to be consistent with the existence of a weak,
relatively extended (∼ 60 pc) jet in NGC 4051 (Jones et al. 2011,
King et al. 2011, and Maitra et al. 2011) and a shocked outflow
(Pounds & Vaughan 2011 and Vaughan et al. 2011). In addition,
the single-dish maser spectrum of NGC 4051 is somewhat rem-
iniscent of that in Circinus where some of the maser emission is
associated with a nuclear outflow (Greenhill et al. 2003).
An alternative naı¨ve interpretation: While the jet/outflow as-
sociation of the maser emission is indeed the most likely op-
tion, a speculative interpretation of the maser spectrum shown
in Fig. 1 can be made in terms of an accretion disk maser. The
maser spectrum could be described by three main peaks at veloc-
ities of ∼ 670, 720, and 770 km s−1(see Fig. 1) roughly centred
on the systemic velocity. The system thus resembles the triple
peak profile of accretion disk masers, albeit with much lower
velocity offsets. The ’triple-peak profile’ is also somewhat con-
firmed by the VLA A-array spectrum taken at a different epoch
(Fig. 2). In this scenario, we would obtain a rotation velocity of
Vrot = Vobs · (sin−1 i) ∼ 50 · (sin−1 i) km s−1. From Uttley et al.
(2004), we obtain MBH = 5 × 105 M⊙ as the mass of the nu-
clear engine (Table 2). Combining these two parameters and as-
suming Keplerian rotation (as in NGC 4258), this yields an an-
gular size of 18 · (sin−2 i) mas (see Tarchi et al. 2007 for details
on a similar calculation), corresponding to a galactocentric ra-
dius of RGC ∼ 0.9 · (sin2 i) pc. Assuming a nuclear accretion disk
seen approximately edge-on (i ∼ 90◦), the radius of the accre-
tion disk in NGC 4051 would be almost ten times larger than
the one found, for example, in NGC 4258 (0.1 pc). Such a large
accretion disk in a Seyfert galaxy has, so far, only been directly
measured in the Seyfert 1.9 galaxy NGC 1194, which has an
inner and outer radius for the disk of 0.54 and 1.3 pc, respec-
tively (Kuo et al. 2011). Alternatively, a possibly lower value
for the inclination of the disk and/or for the black hole mass
in NGC 4051 would result in a size of the disk more consistent
with the one in NGC 4258. Follow-up VLBI observations have
been requested aimed at shedding light on the aforementioned
scenario.
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+
Fig. 3. 1.6-GHz EVN radio continuum maps of the nuclear region of the NLS1 NGC 4051 (Giroletti & Panessa 2009). The size
of the beam is 13.5 × 11.3 mas. The cross indicates the position (RAJ2000 = 12h03m09.s61; Dec.J2000 = +44d31’52.′′7) of the
maser derived with the VLA A-array (Hagiwara (2007); present work). The circle represents the 0.′′1 arcsec VLA nominal position
accuracy of the maser emission.
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Fig. 4. Left panel: VLA A-array K-band continuum image of the nuclear region of NGC 5506. Contour levels are -1, 1, 2, 3, 4,
5, 6, 7, 8, 9, 10, 11× 2.1 mJy beam−1 (1σ rms = 0.7 mJy beam−1). The beam size is 0.′′12 × 0.′′08. We show the positions of the
optical center (blue circle, taken from Adelman-McCarthy et al. 2008), water maser emission in our VLA DnC-array (green circle)
and VLA A-array (red circle) maps, respectively. The size of the bars indicates the uncertainty in the positions derived. The dotted-
dashed square indicates the area covered by the VLBI map of Middelberg et al. (2004) and the magenta square the position of
the brightest source, B0, in this map. Right panel: the EVN and MERLIN 6 cm image of the nuclear region of NGC 5506 by
Middelberg et al. (2004). Offsets are relative to RAJ2000 = 14h 13m 14.s87953, DecJ2000 = –03◦ 12′ 27.′′6799. The size of the beam,
shown in the bottom-left corner, is 16.5 × 8.0 mas.
4.2.2. NGC 5506:
Figure 4 shows the innermost region of NGC 5506 as seen
from our VLA K-band image (left panel) and from the
EVN+MERLIN3 C-band map of Middelberg et al. (2004) (right
3 Multi-Element Radio Linked Interferometer Network
panel). Overlaid on the K-band contour map are the positions of
the main centres of activity in the galaxy, namely the optical nu-
cleus and the brightest radio knot detected by Middelberg et al.
(2004), in addition to the location of the maser emission derived
in our VLA DnC and A-array maps. Within the uncertainties,
all positions are coincident. Middelberg et al. (2004) proposed
two main scenarios to describe their VLBI map: i) the strongest
5
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knot, B0, is a candidate location of the AGN core owing to its
flat spectrum, compactness, and high brightness temperature (∼
3.6 × 108 K); ii) the AGN might lie between B0 and B1, hence
these two bright components are the “working surfaces” where
double-sided jets from the AGN impact the interstellar medium
(ISM). The region of emission north of B0 and component B2
could be low-surface-brightness emission seen extending from
the hot spots to a larger scale. The flat radio spectrum of B0 is in-
dicative of optically thick synchrotron emission, while “working
surfaces”, as in compact symmetric objects (CSOs), have steeper
spectra, which are typical of optically thin synchrotron emission,
therefore favouring B0 as being the core. In any case, our spec-
tral line observations indicate a position for the maser that is
consistent with either one of the nuclear components, hence an
association of the maser emission with an accretion disk, a radio
jet, or a nuclear outflow. Indications of a one-sided jet and an
outflow are found for this galaxy (Xanthopoulos et al. 2010, and
references therein) and the blue-shifted velocities of the maser
lines w.r.t. the systemic velocity may be more consistent with a
jet or an outflow origin.
Guainazzi et al. (2010) measured the inclination of the nu-
clear disk in NGC5506 to be i=40◦using the profile of the X-ray
FeKα emission line. This measurement seems also consistent
with the value of the nuclear column density (NH ∼ 3±1× 1022
cm−2) for this galaxy obtained by Bianchi et al. (2003), which
is in-between those typically found for Sy 1 and Sy 2 galaxies
(NH ≤ 1022 and NH ∼ 1023 cm−2, respectively; e.g. Malizia et al.
2009). Such an inclination for the disk in NGC 5506 would be
less favourable for producing detectable (disk) maser emission
(see also Sect. 4.1). Furthermore, if we also assume that such
an inclination can still provide a long enough amplification path
for maser action, we would obtain a probability (P(i)=cos(i)) of
detecting water masers in AGN accretion disks of ∼ 77%4. This
value is much higher than any detection rate obtained in AGN
surveys. Under the same assumptions made before and in the
(unlikely) case that in NLS1s we only have disk-masers, we can
then derive the range of accretion disks inclinations allowed to
account for the maser detection rate found in NLS1s of ∼ 7% (or
∼ 20% when considering only targets within 10000 km s−1; see
Sect. 4.1). With these input parameters, the inclination of the nu-
clear disk favourable to producing maser action in NLS1s should
not be less than 86◦(or 79%). All this seems to support the con-
clusion that the maser in NGC 5506 is not associated with an
accretion disk, favouring instead an association with the radio
jet or a nuclear outflow, or an atypical maser case.
4.2.3. Mrk 766
For Mrk 766, neither interferometric measurements of the maser
emission nor a VLBI map of the nuclear radio continuum are
available. From VLA A-array archival data, we have produced
a radio continuum map at X-band of the nucleus of Mrk 766.
The image shows a compact nuclear source of ∼ 5 mJy (Fig. 5).
We have been recently granted EVLA A-array time to observe
the maser emission in Mrk 766. These measurements will al-
low us to compare the position of the maser with that of the
nuclear radio continuum source(s), and thereby discriminate be-
tween a nuclear maser and a (less likely) maser associated with
a star-forming region in the large-scale disk of the galaxy. We
4 This estimate is based on simple geometrical considerations, thus
assumes that all AGN accretion disks host maser emission and ignores
the many physical parameters on which the detection of masers de-
pends.
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Fig. 5. VLA A-array X-band naturally-weighted continuum
image of Mrk 766. Contour levels are -1, 1, 2, 4, 8,
16×0.2 mJy beam−1 (1σ rms = 0.07 mJy beam−1). The beam
size, shown in the lower-left corner is 0.′′28 × 0.′′24.
note an analysis of X-ray Multi-mirror Mission (XMM) time-
resolved X-ray spectroscopic data, has found in Mrk 766 evi-
dence of gas in a Keplerian orbit around a (super)massive black
hole (Turner et al. 2006).
4.2.4. IGR J16385
For IGR J16385, only the 1.4 GHz radio continuum map from
the National Radio Astronomy Observatory VLA Sky Survey
(NVSS) at 1.4 GHz is available. The NVSS map shows a ra-
dio source of ∼ 10 mJy at the position of the optical peak
of the galaxy. Expanded VLA (EVLA) B-array observations
of the radio continuum (X-Band) and maser line (K-Band) in
IGR J16385 have been requested and await evaluation.
4.2.5. IRAS 0345
This galaxy has not been well studied. The nuclear radio
continuum has been imaged by Thean et al. (2000) at 8.4 GHz
with the VLA A-array, showing a single, slightly resolved
source with an integrated flux of 6.8 mJy (Thean et al. 2000;
their Fig. 1). The galaxy was also part of the sample studied
by Thompson et al. (2009) using Spitzer mid-infrared (MIR)
spectroscopic data and their conclusion was that its observa-
tional characteristics are consistent with a nucleus obscured
by a compact and clumpy toroidal structure of dust. Owing to
the lack of radio interferometric measurements, however, the
association of the maser emission with the AGN or the nuclear
starburst present in this galaxy cannot yet be determined.
Indeed, IR spectroscopic data of a sample of Seyfert galaxies
that includes IRAS 0345 were analysed by Imanishi & Wada
(2004). Their work indicates that nuclear starbursts occurring
in the dusty tori of Seyfert galaxies may be physically con-
nected to the central AGN. This view is quite different from
that of the classical unification paradigm, in which the dusty
tori ’simply’ hide the central AGN of Sy 2 galaxies and repro-
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cess AGN radiation as infrared dust emission in Seyfert galaxies.
While water masers are not typically detected in Sy 1 galax-
ies, our work demonstrates that they are detected in NLS1 galax-
ies, at a rate comparable to Sy 2’s. Thus it is clear that the NLS1
class and the maser phenomenon are somehow associated. The
details of this association are unclear. The next step to investigat-
ing the nature of masers in NLS1 galaxies would be to image the
masers on parsec or sub-parsec scales with VLBI observations.
The low black hole masses measured in NLS1 galaxies have
suggested that NLS1s have accretion rates close to the maxi-
mum allowed values, causing their observed extreme behaviour
(Marconi et al. 2008, and references therein). Owing to their
low black hole masses, these objects may represent an impor-
tant link between AGN and the elusive intermediate-mass black
holes (Komossa 2008). Strong radiation-pressure outflows repre-
sents another possible explanation of the peculiar characteristics
of NLS1 galaxies. In particular, estimates of black hole masses
turn out to be severely underestimated when the effect of radi-
ation pressure is neglected, thus making NLS1s more extreme
than they actually are (e.g., Marconi et al. 2008). Another pos-
sibility that may account for the NLS1 properties is that they
may be viewed at angles intermediate between type 1 and type
2 Seyfert galaxies. Nuclear obscuration may thus play an impor-
tant role in determining the observed properties of NLS1s.
Compared to the general AGN population, the five galax-
ies examined in our study have low black hole masses and high
accretion rates5, consistent with their classification as NLSy1
galaxies (Table 2). A direct association between the high detec-
tion rate of water masers in NLS1 and the two aforementioned
peculiar quantities in this class of AGN cannot be presently as-
sessed and requires a more complete approach. At this stage, it
seems instead that there is a possible relation between the maser
action and the presence of nuclear outflows detected in NLS1. As
mentioned in Sect. 4.2, the water maser in Circinus, which has
similar spectral properties to some maser spectra in our NLS1s,
is associated with an outflow produced by the AGN activity
(Greenhill et al. 2003). The association of the maser emission
in NLS1 with favourably orientated outflows may be corrobo-
rated by the blue-shifted velocities of the main maser features
w.r.t. the systemic velocity of the galaxy in four out of five of
our targets (see Table 2 and Sect. 4.2). As shown in Sect. 4.2 for
the case of NGC 5506, it is instead more controversial, although
not implausible, that the intermediate inclination of nuclear disks
and tori proposed for NLS1s can be related to the production of
water masers. However, the presence of nuclear optically thick
gas and/or the partial covering of the nucleus, possibly related
to the aforementioned disks/tori inclination, has been invoked
to describe the X-ray characteristics of a number of NLS1s, in-
cluding our target galaxies (Guainazzi et al. 2010 for NGC 5506,
Turner et al. 2006 for Mrk 766, and Terashima et al. 2009 for
NGC 4051). Given the relation between nuclear obscuration and
maser emission reported for relatively large samples of maser
galaxies (hence, mostly type 2 Seyfert) by, e.g., Greenhill et al.
(2008), Zhang et al. (2006), and Zhang et al. (2010), this could
partly justify the relatively high maser detection rate in NLS1s,
especially w.r.t. that in Sy 1.
5 These estimates, however, need to be interpreted with caution since
they strongly depend on the method used and the precision to which the
distance of the galaxy is known.
5. Summary
We have observed a sample of NLS1 galaxies with the GBT in a
search for water maser emission at 22 GHz. We have also anal-
ysed GBT and VLA data and produced 22-GHz spectra for the
five NLS1 galaxies hosting maser emission.
The main results are: i) an overall water maser detection rate
in NLS1 galaxies of ∼ 7% for the full sample and a detection
rate of ∼ 21% for a volume-limited (V<10000 km/s) sample,
demonstrating a relation between NLS1s and water maser phe-
nomenon; ii) a strong indication that water maser emission in
NLS1s is associated with their nuclear outflows or radio jet.
Overall, this work shows the potential of water maser studies
to unveil the innermost regions and investigate the main nuclear
components of NLS1s in order to more clearly understand their
peculiar characteristics, in particular, in the framework of the
unified model.
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Table 2. Single-dish water maser line characteristics. Line parameters have been derived for individual components through
Gaussian fit procedures implemented in GBTIDL.
Source cza MBH b,∗ Lbol/LEddc,∗ LXd,∗ SpeakH2O V
peak
H2O ∆v S
int
H2O L
iso
H2O V
Hel
H2O − V
Hel
sys
(km/s) (mJy/b) (km s−1) (km s−1) (Jy/b*km s−1) (L⊙) (km s−1)
NGC 4051 700 0.5+6
−3 0.57 0.15 13±2 651.8±0.2 2.7±0.4 0.04±0.01 0.08±0.02 −48
22±7 664.8±0.1 2.6±0.5 0.06±0.03 0.11±0.05 −35
20±1 668.5±0.5 6±2 0.12±0.05 0.22±0.09 −31
48±4 672.39±0.03 1.6±0.1 0.08±0.01 0.14±0.02 −28
24±2 675.03±0.06 1.5±0.1 0.036±0.005 0.07±0.01 −25
20±3 693.6±0.1 1.5±0.3 0.03±0.01 0.06±0.02 −6
17±2 703.0±0.2 4.2±0.6 0.07±0.02 0.13±0.03 +3
63±4 711.77±0.03 0.93±0.07 0.059±0.008 0.11±0.02 +12
19.2±0.8 721.1±0.7 26±2 0.50±0.06 0.9±0.1 +21
82±3 732.33±0.03 1.61±0.07 0.13±0.01 0.25±0.02 +32
20±2 765.12±0.07 1.3±0.2 0.026±0.007 0.05±0.01 +65
(sum =) 2
Mrk 766 3876 3 0.65 7 11.2±0.4 3792.2±0.2 11.5±0.5 0.13±0.01 8.0±0.6 −84
(sum =) 8
NGC 5506 1853 5+2
−1 0.18 6 11±1 1724.7±0.2 5.0±0.6 0.06±0.01 0.8±0.1 −128
18±3 1786.07±0.08 1.0±0.2 0.018±0.007 0.3±0.1 −67
20±3 1798.95±0.08 1.0±0.2 0.020±0.007 0.3±0.1 −54
12.5±0.3 1805±1 112±3 1.4±0.7 20±10 −48
21±2 1822.7±0.1 2.0±0.3 0.04±0.01 0.6±0.1 −30
27±3 1837.1±0.1 2.8±0.2 0.08±0.01 1.1±0.1 −16
19±2 1848.4±0.2 3.4±0.4 0.06±0.01 0.8±0.1 −5
12±2 1916.8±0.1 2.3±0.4 0.028±0.009 0.4±0.1 +64
(sum =) 24
IGR J16385 8064 7 1.2 7 17±2 8035.29±0.06 1.2±0.1 0.020±0.004 5±1 −29
6±1 8057.4±0.1 1.0±0.3 0.006±0.003 1.6±8 −7
9±1 8060.3±0.1 1.4±0.2 0.013±0.003 3.5±8 −4
(sum =) 10
IRAS 03450 9294 3 0.51 2.24+1.3
−1.3 18±1 9257.7±0.3 10.3±0.7 0.19±0.02 67±7 −36(sum =) 67
a Redshifts: NGC 4051 from Verheijen & Sancisi (2001); Mrk 766 from Smith et al. (1987); NGC 5506 from Keel (1996); IGR J16385 from
Masetti et al. (2008); IRAS 03450 from Hewitt & Burbidge (1991).
b Black hole masses in units of 106 M⊙: NGC 4051 from Uttley et al. (2004); Mrk 766 from Pounds et al. (2003); NGC 5506 from Nikołajuk et al.
(2009); IGR J16385 from Masetti et al. (2008); IRAS 03450 from Zhang & Wang (2006).
c Bolometric luminosity, Lbol: NGC 4051 and Mrk 766 from Woo & Urry (2002); NGC 5506 from Bianchi et al. (2003); IGR J16385 from
Malizia et al. (2008); IRAS 03450 from Zhang & Wang (2006).
d X-ray luminosity between 2-10 keV, Lx, in units of 1042 erg/s: NGC 4051 from Nucita et al. (2010); Mrk 766 from Pounds et al. (2003);
NGC 5506 from Bianchi et al. (2003); IGR J16385 from Panessa et al. (2011); for IRAS 03450 the value for Lx, taken from Rush et al. (1996),
refers to the 0.1-2.4 keV band.
∗ Errors in measured quantities, when available, are taken from the quoted paper. The total error, however, is dominated by the systematic
uncertainties caused by the method used to estimate the reported value and/or the uncertainty in the distance to the target galaxy.
9
A. Tarchi et al.: Narrow-line Seyfert 1 galaxies: an amasing class of AGN, Online Material p 1
Table 1. NLS1 galaxies for which there have been searches for water maser emission. Standard text font: our new sample taken from
Ve´ron-Cetty et al. (2001); in italics: sources observed in previous surveys; bold face: objects displaying water maser emission.
Sourcea R.A.b Dec.b Vcsys Obs. Dated Tint ∆V rmse L
f
H2O
(J2000) (J2000) (km/s) (min) (km/s) (mJy) (L⊙)
IZw1 00:53:34.9 +12:41:36 17658 2011-02-06 20 16153−19177 2.3 < 8.8
TonS180 00:57:20.2 -22:22:56 18581 2011-02-10 20 17068−20109 2.0 < 8.5
Mrk359 01:27:32.5 +19:10:44 5212 2011-02-06 20 3823−6614 2.1 < 0.7
MS01442-0055 01:46:44.7 -00:40:43 24820 2011-02-10 20 23247−26408 1.8 <13.6
Mrk1044 02:30:05.5 -08:59:53 4932 2011-02-10 20 3545−6331 2.1 < 0.6
HS0328+0528 03:30:52.2 +05:38:26 13790 2011-02-12 20 12322−15272 1.9 < 4.4
IRAS 03450+0055 03:47:40.1 +01:05:14 9294 2011-02-12 20 7868−10734 2.2 67
IRAS04312+4008 04:34:40.9 +40:14:19 6141 2011-02-12 20 4743−7551 2.1 < 1.0
MRK618 04:36:22.2 -10:22:34 10658 2009-11-29 10 9219−12110 3.7 < 5.2
IRAS04416+1215 04:44:28.8 +12:21:11 26652 2011-02-12 20 25061−28258 2.2 <19.2
IRAS 04576+0912 05:00:20.8 +09:16:56 10822 2009-11-16 10 9381−12276 4.6 < 6.6
IRAS04596-2257 05:01:48.7 -22:53:24 12232 2011-02-12 20 10778−13699 2.6 < 4.8
IRAS 05262+4432 05:29:55.5 +44:34:39 9644 2009-12-30 10 8214−11087 2.5 < 2.8
UGC 3478 06:32:47.2 +63:40:25 3830 2005-12-22 5 2453−5219 5.3 < 0.9
RXJ07527+2617 07:52:45.5 +26:17:37 24632 2011-02-09 20 23061−26218 1.9 <14.1
Mrk382 07:55:25.3 +39:11:10 10099 2011-02-09 20 8665−11546 1.9 < 2.4
MCG +04.22.042 09:23:43.0 +22:54:32 9705 2008-12-14 40 8268−11141 1.7 < 2.0
MARK 110 09:25:12.9 +52:17:11 10580 2008-02-08 10 9142−12032 3.8 < 5.2
Mrk705 09:26:03.3 +12:44:03 8739 2011-02-09 20 7318−10173 2.1 < 2.0
Mrk707 09:37:01.1 +01:05:43 15091 2011-02-09 20 13611−16585 2.0 < 5.6
Zw 063.060 09:45:29.3 +09:36:10 3988 2009-12-18 10 2610−5378 4.0 < 0.8
Mrk124 09:48:42.6 +50:29:31 16878 2011-02-09 20 15381−18389 1.9 < 6.6
Mrk1239 09:52:19.1 -01:36:44 5974 2011-02-09 20 4578−7383 2.2 < 1.0
IRAS09571+8435 10:05:17.0 +84:20:44 27641 2011-02-12 20 26040−29257 2.0 <18.7
PG1011-040 10:14:20.7 -04:18:39 17482 2011-02-09 20 15979−18999 1.9 < 7.1
PG1016+336 10:19:49.5 +33:22:04 7345 2011-02-09 20 5936−8766 2.0 < 1.3
MARK 142 10:25:31.3 +51:40:35 13474 2010-02-01 10 12009−14953 2.6 < 5.8
KUG1031+398 10:34:38.6 +39:38:29 12724 2011-02-09 20 11266−14196 1.9 < 3.8
RXJ10407+3300 10:40:43.9 +33:00:59 24512 2011-02-09 20 22942−26097 2.0 <14.7
Mrk734 11:21:47.1 +11:44:19 15050 2011-02-09 20 13570−16544 2.2 < 6.1
Mrk739E∗ 11:36:29.3 +21:35:45 8909 2011-02-09 20 7486−10345 1.9 < 1.8
MCG +06.26.012 11:39 13.9 +33:55:51 9819 2010-02-01 10 8388−11263 2.4 < 2.8
Mrk42 11:53:41.8 +46:12:43 7385 2011-02-10 20 5976−8807 2.2 < 1.5
NGC 4051 12:03:09.6 +44:31:53 700 2004-01-31 20 -647−2060 2.5 2
PG1211+143 12:14:17.7 +14:03:13 24253 2011-02-09 20 22685−25835 2.0 <14.4
MARK 766 12:18 26.5 +29:48:47 3876 2008-03-02 60 2500−5266 1.5 8
MS12170+0700 12:19:30.9 +06:43:34 24157 2011-02-09 20 22590−25739 1.9 <13.6
MS12235+2522 12:26:04.2 +25:06:38 20086 2011-02-10 20 18558−21628 2.1 <10.4
IC3599 12:37:41.2 +26:42:28 6459 2011-02-10 20 5059− 7872 2.0 < 1.0
PG1244+026 12:46:35.3 +02:22:08 14443 2011-02-09 20 12969−15931 2.0 < 5.1
NGC 4748 12:52:12.4 -13:24:53 4386 2009-12-16 10 3004−5780 3.5 < 0.8
Mrk783 13:02:58.8 +16:24:27 20146 2011-02-09 20 18618−21688 1.9 < 9.5
R14.01 13:41:12.9 -14:38:40 12528 2011-02-09 20 11072−13998 2.2 < 4.2
Mrk69 13:46:08.1 +29:38:10 22969 2011-02-09 20 21414−24539 1.9 <12.3
2E1346+2646 13:48:34.9 +26:31:10 17660 2011-02-09 20 16156−19179 2.1 < 8.0
PG1404+226 14:06:21.9 +22:23:46 29380 2011-02-09 20 27763−31013 2.4 <25.4
NGC5506 14:13:14.8 -03:12:26 1853 2008-10-27 15 494−3224 3.1 24
MARK 684 14:31:04.8 +28:17:14 13814 2010-02-01 10 12346−15296 2.7 < 6.3
Mrk478 14:42:07.5 +35:26:23 23700 2011-02-09 20 22138−25277 2.1 <14.5
PG1448+273 14:51:08.8 +27:09:27 19487 2011-02-09 20 17965−21023 2.1 < 9.8
IRAS15091-2107 15:11:59.8 -21:19:02 13373 2011-02-09 20 11909−14851 2.4 < 5.3
MS15198-0633 15:22:28.8 -06:44:41 24919 2011-02-09 40 23345−26508 1.5 <11.4
Mrk486 15:36:38.3 +54:33:33 11672 2011-02-10 30 10224−13134 1.5 < 2.5
IRAS15462-0450 15:48:56.8 -04:59:34 29917 2011-02-09 20 28294−31555 2.5 <27.4
MARK 493 15:59:09.6 +35:01:47 9392 2010-01-29 10 7965−10832 2.6 < 2.8
IGR J16385-2057 16:38:30.9 -20:55:24 8064 2010-03-28 40 6649−9492 2.0 10
EXO16524+3930 16:54:08.1 +39:25:33 20656 2011-02-09 15 19123−22203 2.3 <12.0
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Table 1. continued.
Sourcea R.A.b Dec.b Vcsys Obs. Dated Tint ∆V rmse LeH2O
(J2000) (J2000) (km/s) (min) (km/s) (mJy) (L⊙)
B31702+457 17:03:30.3 +45:40:48 18107 2011-02-10 20 16598−19630 1.8 < 7.2
RXJ17450+4802 17:45:04.5 +48:02:40 16189 2011-02-10 10 14698−17693 2.8 < 9.0
Kaz163 17:46:59.1 +68:36:28 18887 2011-02-12 15 17371−20417 2.9 <12.7
Mrk507 17:48:38.4 +68:42:16 16758 2011-02-12 15 15262−18268 3.0 <10.3
HS1817+5342 18:18:10.4 +53:43:46 23983 2011-02-12 10 22418−25563 4.4 <31.0
HS1831+5338 18:32:49.7 +53:40:22 11692 2011-02-12 10 10243−13154 5.0 < 8.4
Mrk896 20:46:20.8 -02:48:45 7922 2011-02-06 20 6508− 9349 3.4 < 2.6
IGR J21277+5656 21:27:45.4 +56:56:33 4317 2008-01-27 15 2936−5710 3.0 < 0.7
MS22102+1827 22:12:37.0 +18:42:28 24498 2011-02-10 20 22928−26083 1.9 <14.0
Akn564 22:42:39.3 +29:43:32 7400 2011-02-10 20 5991−8822 1.9 < 1.3
HS2247+1044 22:49:39.5 +11:00:29 24883 2011-02-06 20 23309−26472 2.3 <17.5
MS 22549-3712 22:57:38.9 -36:56:07 11692 2010-01-14 10 10243−13154 5.9 < 9.9
Kaz320∗ 22:59:33.0 +24:55:06 10343 2011-02-06 20 8907−11792 2.6 < 3.4
SDSS J23386-0028 23:38:37.1 -00:28:10 10792 2006-02-07 10 9352−12246 3.2 < 4.6
a Source names and classification are taken from Ve´ron-Cetty et al. (2001) and Ve´ron-Cetty et al. (2001). Source names format:
standard text = sources from this work; italics = sources from past surveys; boldface= sources from any survey where H2O maser
has been detected.
b Coordinates of the galaxies observed for this work are taken from Veron-Cetty & Veron (2010). For sources targeted by searches
for water maser emission in past surveys, we used the coordinates of Braatz et al. (in prep).
c LSR velocities of the galaxies observed for this work are taken from the NASA/IPAC Extragalactic Database (NED). For sources
in past surveys we used LSR velocities from Braatz et al. (in prep).
d All observations were made with the GBT.
e This is the 1σ rms of the spectrum measured for a 24 kHz (0.33 km s−1) channel, after Hanning smoothing.
f Water maser luminosity thresholds have been calculated from the 3σ rms level by assuming a 1 km s−1 line width and a value
for H0=75 km s−1Mpc. Luminosities for the detected maser sources refer to the total integrated maser luminosity, as reported in
Table 2.
∗ These galaxies were re-observed by ourselves, although they had previously been targeted by searches for water masers at slightly
different coordinates and velocities w.r.t. ours (Mrk739E: RA(J2000)=11:36:29.1; Dec.(J2000)=+21:35:46; Vsys=8956 km s−1.
Kaz320: RA(J2000)=22:59:32.9; Dec.(J2000)=+24:55:06; Vsys=10350 km s−1).
